The replication and transcription of cucumber mosaic virus (CMV) are catalyzed by multi-protein complex RNA-dependent RNA polymerase (RdRp), which is composed of the viral-encoded 1a and 2a proteins with host factors. We have reported that the N-terminal region of the polymerase 2a protein, composed of 126 amino acids, is required for interaction with the helicase 1a protein, and that the phosphorylation of the region abrogated interaction with the 1a protein, suggesting a mechanism of resistance in host plants against viral infection. Here, we found that three protein 2a kinases, of 60, 55, and 38 kDa, co-purified with the tobacco membrane fraction in an in-gel kinase assay. By yeast two-hybrid library screening using the N-terminal 126 amino acids of 2a as a bait, we identified CBLinteracting protein kinase 12 (NtCIPK12) corresponding to 55 kDa protein 2a kinase. The bacterially expressed protein kinase showed protein 2a kinase (t2aK) activity in vitro. We found that NtCIPK12 stabilized upon CMV infection at the post-translational level, and accumulated more heavily to the membrane than in the cytosol.
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Cucumber mosaic virus (CMV), a member of Bromoviridae and the type member of cucumovirus group, is an icosahedral plant virus consisting of three singlestrand positive-sense genomic RNAs, designated RNA 1, 2, and 3. These RNAs are used directly as messenger RNAs in the synthesis of nonstructural proteins 1a, 2a, and 3a, respectively. 1) RNA 1 and 2 encode polypeptides involved in the replication of viral RNA. RNA 1 encodes the 1a protein (110 kDa), which has a domain in the N-terminal region with amino acid sequence motifs typical of methyltransferases 2) and an RNA helicase domain at the C-terminus.
3) RNA 2 encodes the 2a protein (95 kDa) for RNA-dependent RNA polymerase (RdRp) activity. 4) Also, RNA 2 encodes the 2b protein (11 kDa), which is involved in systemic infection, pathogenicity, and the suppression of post-transcriptional gene silencing. 5) Proteins 1a and 2a have been found to form membrane-bound RdRp. 6) the interaction between 1a and 2a has been well studied in brome mosaic virus (BMV), which is closely related to CMV. The BMV 1a and 2a proteins interact in vitro and in vivo, and genetic studies have found that compatible 1a-2a interaction is essential for RNA replication in vivo. The N-terminal 115-amino-acid region of 2a and the helicase-like region of more than 50 kDa of 1a of BMV are necessary and sufficient for the 1a-2a interaction. 7) Likewise, these proteins interact with each other in the yeast two-hybrid system, where mutations in the 1a and 2a proteins have been found to greatly reduce RNA replication levels. 8) In a previous study, we observed that the region containing the N-terminal 126 amino acids of 2a interacted with the 1a protein in yeast two-hybrid and co-immunoprecipitation analyses, but phosphorylation of the region did not maintain the interaction, indicating that the host plants possessed a regulatory system for viral replication. 9) A time course analysis on 32 P-sodium orthophosphate-labeled tobacco protoplasts found that phosphorylation of 2a commences as late as 48 h postinfection. 9) Moreover, compared to previous findings that accumulation of 2a occurred as early as 3 h postinfection, 10) the host regulation system operated at the middle to late stage of CMV infection.
9)
Here, we characterized three protein kinases that phosphorylate the polymerase 2a protein of CMV (t2aKs) from the membrane fraction of the tobacco plant. Also, we isolated one of the three protein kinase genes responsible for the phosphorylation of the Nterminal 126-amino-acid region of the 2a protein by screening a yeast two-hybrid library.
* These authors contributed equally to this work. 
Materials and Methods
Preparation of tobacco membrane extract. One hundred g of tobacco leaves was ground in liquid nitrogen with a mortar and pestle. The resulting powder was stirred in 2.5 volumes of extraction buffer (20 mM Tris-Cl, pH 8.0, 10 mM EDTA, 10 mM EGTA, 25 mM NaF, 10 mM benzamidine, 10 mM sodium orthovanadate, 0.3% (v/v) 2-mercaptoethanol, and 1 mM PMSF), and then centrifuged at 40;000 Â g for 20 min. The supernatant containing soluble proteins was removed. The pellet was rinsed vigorously with the extraction buffer, resuspended in 2 volumes of extraction buffer containing 2 M KCl, incubated on ice for 1 h and centrifuged at 40;000 Â g for 20 min. The resulting supernatant was collected for the membrane fraction.
Liquid chromatography of the membrane proteins. The membrane fraction was desalted by Sephadex G-25 column (GE Healthcare Life Sciences, PA) pre-equilibrated in buffer A (20 mM Tris-Cl, pH 8.0, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM benzamidine, and 1 mM PMSF) and bound to a 5-mL Blue-Sepharose CL-6B column (2:5 Â 10 cm; GE Healthcare Life Sciences, PA). After rinsing of the column with buffer A, the bound proteins were eluted with 1 M KCl in buffer A at the same flow rate. Alternatively, the membrane extract in buffer A was applied to a 20-mL phenyl-Sepharose High Performance column (1:5 Â 14 cm; GE Healthcare Life Sciences, PA). After washing, the bound proteins were eluted with a reverse gradient of KCl from 2 to 0 M in 200 mL of buffer A, and every 5-mL fraction was collected. Elution was completed by sequential isocratic flow of 60 mL of buffer A, 60 mL 60% (v/v) ethylene glycol in buffer A. Each fraction was assayed for protein 2a kinase activity (see below), and the phenyl-Sepharose pool was loaded onto 10 mL of a Q-Sepharose HighPerformance column (1:6 Â 6 cm; GE Healthcare Life Sciences). The column was washed with 10 column volumes of 0.08 M KCl, and bound proteins were eluted with a linear gradient of 0.08 to 0.5 M KCl in buffer A, and collecting every 1-mL fraction was collected.
Phosphorylation assay. One hundred ng of GST-fused CMVAs-encode 2a protein or GST-2a(1-126) was placed in phosphorylation buffer containing 20 mM Hepes-NaOH, pH 7.4, 12 mM MgCl 2 , 1 mM DTT, and 2 mCi of [-32 P]ATP (3,000-6,000 Ci/mmol; DuPont-NEN) with and without 0.5 mM CaCl 2 . The reaction was initiated by adding chromatographic fractions or recombinant GST-NtCIPK12, and incubated at 25 C for 15 min. Alternatively, the assay was done with glutathione-agarose-embedded 2a proteins, 9) and the reaction product was boiled in SDS sample buffer for 2 min, run by 8% SDS-PAGE, and exposed to X-ray film.
In-gel kinase assay. Fractionated proteins were run on 10% SDS-PAGE containing 0.1 mg/mL of the GST-2a. The gels were incubated in 20 mM Hepes-KOH pH 7.5, containing 20% isopropanol for 1 h. After denaturating in 6 M guanidine-HCl in 20 mM Tris-Cl pH 8.3, 2 mM EDTA, and 10 mM DTT, gels were renatured stepwise for 10 min each by incubation in the phosphorylation buffer, containing 3 M, 1.5 M, 0.75 M, 0.375 M, 0.187 M, and 0 M. Protein kinase reaction was performed in phosphorylation buffer containing 0.1% Tween-20 and 5 mCi/mL [-32 P]ATP at 25 C for 1 h. The reaction was stopped by the addition of 5% (w/v) trichloroacetic acid (TCA) containing 1% sodium pyrophosphate. The resulting gels were dried and exposed to X-ray film.
Yeast two-hybrid screening. Five mg of tobacco mRNA from tobacco leaves was subjected to cDNA library preparation. Doublestrand cDNA synthesis, cloning into HybriZAP II vector, and mass excision procedures were done following the manufacturer's protocol (Stratagen). Using S. cerevisiae strain Y190, competent cells were prepared by a standard procedure.
11) Yeast transformants were plated on SD/ÀLeu/ÀTrp/ÀHis/þ3AT. After 7 d, yeast colonies were transferred onto Whatman #5 filter paper. Snap-frozen filters were soaked in a buffer containing 50 mM sodium phosphate, pH 7.0, 10 mM KCl, 1 mM MgCl 2 , 35 mM 2-mercaptoethanol, and 15 mg/mL X-gal for 1 h and the appearance of blue colonies were observed.
CMV infection and RT-PCR. Tobacco leaves were inoculated mechanically with the CMV-As strain as described previously.
9) The plants were grown for further 7 d before harvest. Total RNA was isolated from mock-and CMV-infected plants and used for RT-PCR using primers specific to the 18S rRNA, CMV-As 3a, and NtCIPK12/ NtSnRK3.9 genes.
Plasmids, recombinant proteins, and antibody. The 2a ORF and its truncated mutant, 2a , in glutathione S-transferase (GST)-fusion plasmids in pGEX-KG 11) were described previously.
9) The 5 0 -end NtCIPK12 cDNA was obtained by the rapid amplification of cDNA end (RACE) procedure using total RNA isolated from the tobacco plant (Nicotiana tabacum cv. Xanthi-nc), a Marathon cDNA Amplification Kit (Clonetech, CA), adaptor CCATCCTAATACGACTC-ACTATAGGGC, and gene-specific (AAAGCTCACAACTTTAG-CAATTT) primers following the supplier's instructions. Following nucleotide sequencing, the full-length NtCIPK12/NtSnRK3.9 ORF was amplified by RT-PCR using 5 0 and 3 0 primers specific to the translation start and stop regions (TTTGGATCCATGGCCGGTAC-CACTACCGCCGGC and TAACTCGAGCTCAGTATCTGAAGG-CAAATGCGATGA respectively), digested with BamHI and XhoI, and cloned into pGEX-KG. 12) To obtain soluble GST-fused proteins, GST-fused CMV-encoded proteins were produced with 0.1 M IPTG at room temperature, and GST-NtCIPK12 was produced with 1 M IPTG at 15 C for 4 h. The GST-fused proteins were expressed in E. coli strain BL-21 and purified by glutathione-agarose chromatography.
12) The anti-NtCIPK12 antibody was raised in rabbits against C-terminal 6xHis-fused full-length NtCIPK12 expressed from pET22b in E. coli strain BL21 (DE3/LysS). The crude antiserum was further purified through protein A-Sepharose (GE Healthcare Life Sciences). Western analysis was performed following a standard protocol.
13)

Results and Discussion
Three tobacco protein 2a kinases (t2aKs) were involved in phosphorylation of the polymerase 2a protein
To enrich the membrane proteins, tobacco leaf tissue was extracted in 2 M KCl buffer as described previously. 14) As Fig. 1 shows, more than one t2aK was present in the tobacco membrane. Following desalting, the 2 M KCl extract was bound to Blue-Sepharose. Then the FT and 1 M KCl-eluated fractions were assayed for protein kinase activity using GST-fused CMV-encoded proteins 1a, 2a, 3a, CP, and 2b (Fig. 1) . Only the 2a protein was phosphorylated. Moreover, FT and 1 M KCl eluate showed t2aK activity (Fig. 1, right panel) , indicating that t2aK activity was separated into two fractions, FT and bound, by dye-ligand affinity chromatography (Fig. 1) . The 2b and 3a proteins, involved in systemic infection and local movement of the virus respectively, are known to be phosphoproteins, 15, 16) but they did not appear to be phosphorylated by this preparation.
Because t2aKs were present in the membrane fraction, they are suspected to be hydrophobic. We found that phenyl-Sepharose HIC fractionated t2aKs into three proteins. Without desalting, crude 2 M KCl extract was applied directly to the column. Although KCl salt favors hydrophobic interaction to a less extent, certain proteins, such as membrane proteins, bind efficiently in the presence of KCl 14) or NaCl. 17) Hence, using this strategy, the bound proteins were fractionated efficiently by a reverse gradient of KCl, followed by an isocratic flow of 60% ethylene glycol ( Fig. 2A and B) . Fractions from the phenyl-Sepharose-bound proteins were assayed for t2aK activity using GST-2a on glutathione-agarose beads. As shown in Fig. 2A , the activity was divided into three different parts (fractions 15 to 31, 35 to 41, and 43 to 47), before ethylene glycol fraction, under the assumption that at least three different t2aKs would be chromatically apparent on phenyl-Sepharose chromatography. To dissect them more precisely and to estimate their molecular masses, the active fractions were run on an SDS-polyacrylamide gel co-polymerized with GST-2a, and in-gel kinase assay was performed. As shown in Fig. 2B , the 2 M KCl extract was separated into three different protein 2a kinases. A protein with a MW of 60 kDa was exactly co-fractionated with a 33-kDa protein (fractions 15 to 33). Since the 2 M KCl pool did not show such activity (Load; lane 1 in Fig. 2B) , it is suggested that the smaller protein is a degradation product of the 60 kDa protein during the chromatography procedure. Fractions 35 to 41 contained three t2aKs, 60, 55, and 38 kDa proteins, predominantly the 55 kDa protein (Fig. 2B, lanes 9 to 12) . Fractions 43 to 49 predominantly contained 38 kDa t2aK (Fig. 2B, lanes  13 to 16) . Collectively, three t2Ks of 60, 55, and 38 kDa were chromatographically distinct, and they were named t2aKI, t2aKII, and t2aKIII respectively. When assayed on glutathione-agarose beads ( Fig. 2A) , the total t2aK activities of fractions 23 to 31 (lanes 7 to 11) were greater than those of fractions 35 to 39 (lanes 13 to 16) . However, the latter were greater on in-gel kinase assay (Fig. 2B, lanes 9 to 12, as compared to lanes 2 to 8) , suggesting that 2aKII might be controlled by another regulatory protein present in fractions 35 to 41.
To determine whether other protein kinases were present in this preparation, a phenyl-Sepharose pool (fractions 35 to 49) was subjected to autophosphorylation assay (Fig. 2C) , where Mn 2þ was added instead of Mg 2þ . The three proteins were all autophosphorylated, and no other protein kinase was present in the moderately high hydrophobic 2 M KCl fractions. Then the fractions used for autophosphorylation as above were applied to a Q-Sepharose column, and bound proteins were resolved by a linear gradient of KCl. An in-gel kinase assay, co-polymerized with GST-2a using the fractions, showed that each t2aK kinase showed a single 2a kinase activity, in the order of t2aKIII, t2aKI, and t2aKII (Fig. 2D) .
Yeast two-hybrid screening using the N-terminal 126 amino acids of 2a to isolate a protein kinase gene
We have found that there are three phosphorylation sites in the polymerase 2a protein, 9) and that these sites were catalyzed by either of three t2aKs. One of the phosphorylation sites was located in the N-terminal domain of 126 amino acids, which is responsible for interaction with the helicase 1a protein. 9) To isolate genes encoding protein kinases specific to this region, a tobacco yeast-two hybrid library was screened. The cDNA fragment spanning the N-terminal 126 amino acids was inserted downstream of a DNA binding domain (BD) of GAL4 transcription factor of pBD-GAL4 to produce a bait plasmid pBD2a(1-126). Tobacco cDNA sequences were cloned into pAD-GAL4 fused downstream of the activation domain (AD) of GAL4. We screened as many as 3 Â 10 6 cfu of yeast colonies on SD/ÀLEU/ÀTRP/ÀHIS/þ3AT media and isolated positive clones by -galactosidase filter assay. Following retransformation with plasmid DNAs in yeast cells and pull-down assay in the bacterial system, finally we isolated seven positive clones, and they were subjected to DNA sequence analysis using primers specific to pAD-GAL4 vector (data not shown).
By searching on the BLASTX search engine provided by National Center for Biotechnology Information (NCBI, Bethesda MD), the deduced amino acid sequences of the cDNA fragments were analyzed. The candidate clone designated t26, containing 585 nt, spanning the 3 0 UTR, encoded a partial polypeptide sequence hit to Arabidopsis thaliana SNF1-related protein kinase 3.9 (SnRK3.9) belonging to the SNF1 (sucrose non-fermentable 1)-related protein kinase (SnRK) family, specifically the SnRK3 subgroup. In A. thaliana, SnRKs are also known as CBL-interacting protein kinases (CIPKs), since all these protein kinases interact with calcineurin B-like calcium sensor proteins (CBLs) with their NAF domain. 18, 19) Clone t26 did not contain an amino acid region for the predicted protein kinase catalytic domain (Fig. 3 gray line) , but it contained an NAF domain (Fig. 3 boxed) , suggesting that the protein kinase interacts with 2a through the NAF domain or another region at the C-terminus of the NtCIPK12, potentially essential for subsequent protein 2a kinase activity.
The cloned protein kinase NtCIPK12/NtSnRK3.9 phosphorylates 2a in vitro Cloning of full-length cDNA sequence was done by 5 0 rapid amplification of cDNA ends procedure using a reverse primer specific to the t26 fragment and an adaptor primer. Nucleotide sequence analysis of clone t26 and the RACE products showed that the full-length cDNA was composed of 1,916 bp, encoding an ORF of 479 amino acids (GenBank accession no. DQ340760). The deduced polypeptide had a calculated molecular mass of 54.1 kDa and a theoretical pI of 8.63. A putative poly (A) signal was at position 1,879 ( Fig. S1 ; see Biosci. Biotechnol. Biochem. Web site.).
By BLASTX search engine, the sequence was closely related to A. thaliana CIPK12 (AtSnRK3.9) (Fig. 3) . Hence, the full-length tobacco gene was designated NtCIPK12/NtSnRK3.9 here. Aligned with the amino acid sequences of known plant CIPK12's, NtCIPK12/ NtSnRK3.9 showed sequence identities ranging from 75% to 84% (Fig. 3) . The predicted catalytic domain of NtCIPK12/NtSnRK3.9 was found at the N-terminal region between amino acid residues 37 and 291, where conserved residues and subdomains of serine-threonine protein kinases were found (domains I-XI, data not shown). The NAF domain was found between amino acid residues 341 and 364 (Fig. 3) .
To determine whether recombinant NtCIPK12/ NtSnRK3.9 protein phosphorylates 2a, the ORF was cloned in a GST-fusion vector and produced in E. coil at a variety of temperatures. The expression level of the protein was so low that the bands for proteins produced were not clear on Coomassie Blue-stained gels (data not shown). Hence, we carried out western analysis using an anti-NtCIPK12 antibody raised against a renatured protein (Fig. 4A) . When the protein was produced at 37 C, full-length GST-NtCIPK12 of an estimated 80 kDa was the most highly produced (Fig. 4A, lane 2) . Concomitant accumulation of truncated proteins, possibly by mass production, however, was also high (Fig. 4A, asterisk) . Moreover, the full-length protein was mostly insoluble (data not shown). Varying the temperature, we observed that the protein induced at 15 C was most productive, with less accumulation of truncated proteins (Fig. 4A, lane 6) , and this was used for subsequent phosphorylation assays.
We tested to determine whether E. coli-expressed NtCIPK12/NtSnRK3.9 phosphorylates the CMV 2a protein. The recombinant protein specifically phos- phorylated both the full-length and truncated versions of 2a (Fig. 4B) . At the beginning of the study, we often added as much as 0.5 mM Ca 2þ ion to the protein kinase assay buffer (Fig. 1) , but the ion did not affect the level of phosphorylation (data not shown). In the assay in which the recombinant protein was used, the calcium ion was not required either (Fig. 4B) .
CMV infection affected the stability and localization of NtCIPK12/NtSnRK3.9
As above, we identified three protein kinases from tobacco membrane extract, one of which is suspected to be NtCIPK12/NtSnRK3.9. To confirm that NtCIPK12/ NtSnRK3.9 represents one of three t2aks, we performed Western analysis using anti-NtCIPK12 antibody for the phenyl-Sepharose pool (Fig. 2C ) which contains all three t2aks (Fig. S2, lane 3) as well as the 2 mM KCl fraction and phenyl-Sepharose FT (Fig. S2, lanes 1 and  2, respectively) , and found that the antibody had specific affinity to t2aK of the 55 kDa protein from (Fig. S2A,  lane 3) . This result and calculated the molecular masses of the deduced amino acids of the cloned gene (54.1 kDa) suggest that NtCIPK12/NtSnRK3.9 corresponds to t2aKII (Fig. 2B, C, and D) .
To determine whether NtCIPK12/NtSnRK3.9 is a membrane protein and whether expression of the protein kinase is affected by CMV infection, we fractionated mock-and CMV-infected tobacco plants into soluble and the membrane proteins. Western analysis using anti-CIPK12 antibody indicated that the NtCIPK12/ NtSnRK3.9 protein was accumulated in large amount in the membrane fraction upon CMV infection (Fig. 4C,  compare lanes 3 and 4) . This result suggests that CMV infection affects dynamics of the protein kinase from the cytoplasm to the membrane. We determined by yeast two-hybrid analysis that interaction between 2a and NtCIPK12/NtSnRK3.9 does not require a predicted catalytic domain of the protein kinase, and that the Nterminal amino acid region of 2a and the C-terminal region of NtCIPK12/NtSnRK3.9 containing a NAF domain are sufficient for the interaction. This proteinprotein interaction might be necessary for the recruitment of NtCIPK12/NtSnRK3.9 to the membrane and for phosphorylation of the N-terminal domain of 2a to inhibit the replication and transcription activity of CMV RdRp. 9) Even in the case of soluble proteins, a significantly increased level of the protein was detected (Fig. 4C, compare lanes 1 and 2) . However, the steadystate levels of the NtCIPK12/NtSnRK3.9 transcripts as between the mock-and CMV-infected plants were unaffected (Fig. 4D, lanes 1 and 2) , indicating that CMV infection does not affect the transcription levels of the gene, but stabilizes the protein kinase at the posttranslational level.
CIPK12/SnRK3.9 belongs to the CDPK-SnRK protein kinase superfamily. 19) SnRKs are a plant-specific protein kinase family forming three subgroups, SnRK1, 2, and 3, according to the appearance of the domain structures. The SnRK1 proteins are distantly related to SNF1 and AMP-activated protein kinase (AMPK) and are involved in the regulation of nutritional metabolism and abiotic stresses. SnRK2 subgroups are more narrowly involved in the regulation of ABA signaling. 20) Twenty-five SnRK3 genes in A. thaliana are involved in the ABA signaling, and salt and sugar responses. 21) They contain the NAF domain, which is responsible for interaction with calcium-binding proteins CBLs and Salt Overly sensitive 3 (SOS3) in the presence of the calcium ion. Even though the ion is not required for the in vitro phosphorylation reaction of 2a by NtCIPK12/ NtSnRK3.9 ( Fig. 2B and D) , it may still be essential in vivo by affecting potential recruitment of the protein kinase to the membrane, where CMV RNA is replicated (Fig. 4C) . Under normal conditions, NtCIPK12/ NtSnRK3.9 is located both in the cytoplasm and on the membrane (Fig. 4C, lanes 1 and 3) . Upon CMV infection, the protein is somehow stabilized, and a chunk of it moves to the membrane, possibly to interact with and thus to phosphorylate 2a. CIPK24/SnRK3.11, also known as SOS2, localizes to the membrane by interacting with SOS3 to regulate SOS1, a plasma membrane Na þ channel protein. 22) At the middle-to-late stage of infection, when 2a is phosphorylated, 9) localization of some proteins, such as calcium-binding proteins, might be influenced to recruit NtCIPK12/NtSnRK3.9 to the membrane, in which the NAF domain of the protein kinase is involved. Otherwise, direct interaction with the N-terminal domain of the CMV 2a protein and the C-terminal regulatory region of NtCIPK12/NtSnRK3.9 can explain the dynamics of the protein kinase moving from the cytoplasm to the membrane. B C D Fig. 4 . Phosphorylation of 2a by NtCIPK12/NtSnRK3.9.
A, Western analysis with anti-CIPK12 antibody. GST-NtCIPK12 was produced from E. coli at various temperatures in the absence (lane 1) and the presence of 1 mM IPTG (lanes 2 to 6). Whole (lanes 1 and 2) and soluble extracts (lanes 3 to 6) were run on the gel. The asterisk indicates signals for truncated proteins. B, In vitro phosphorylation of free GST, GST-2a, and GST-2a(1-126) (lanes 1, 2, and 3 respectively) using E. coli-expressed GST-CIPK12. C, Western analysis of tobacco soluble (lanes 1 and 2) and the membrane (lanes 3 and 4) extracts. Tobacco plants were mockinoculated (lanes 1 and 3) or inoculated with CMV-As (lanes 2 and 4) and harvested 7 d post-inoculation. The same volumes of the extracts were applied to the gel. The asterisk indicates non-specific signals in the soluble fraction. D, The plants used in C were analyzed by RT-PCR using primers specific to 18S rRNA, the CMV 3a gene, and NtCIPK2. The arrow indicates NtCIPK12/NtSnRK3.9-specific PCR product.
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